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Abstract
The synthesis and application of a photoactivatable boron‐alkylated BODIPY probe for localization‐based
super‐resolution microscopy is reported. Photoactivation and excitation of the probe is achieved by a
previously‐unknown boron‐photodealkylation reaction with a single low‐power visible laser and without
requiring the addition of reducing agents or oxygen scavengers in the imaging buffer. These features lead to a
versatile probe for localization‐based microscopy of biological systems. The probe can be easily linked to
nucleophile‐containing molecules to target specific cellular organelles. By attaching paclitaxel to the
photoactivatable BODIPY, in vitro and in vivo super‐resolution imaging of microtubules is demonstrated.
This is the first example of single molecule localization‐based super‐resolution microscopy using a visible‐light
activated BODIPY compound as a fluorescent probe.
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COMMUNICATION 
A Photoactivatable BODIPY Probe for Localization-based Super-
Resolution Cellular Imaging 
Chamari S. Wijesooriya, Julie A. Peterson, Pradeep Shrestha, Elizabeth J. Gehrmann, Arthur H. 
Winter*, and Emily A. Smith* 
Abstract: The synthesis and application of a photoactivatable boron-
alkylated BODIPY probe for localization-based super-resolution 
microscopy is reported. Photoactivation and excitation of the probe is 
achieved by a previously-unknown boron-photodealkylation reaction 
with a single low-power visible laser and without requiring the addition 
of reducing agents or oxygen scavengers in the imaging buffer. 
These features lead to a versatile probe for localization-based 
microscopy of biological systems. The probe can be easily linked to 
nucleophile-containing molecules to target specific cellular organelles. 
By attaching paclitaxel to the photoactivatable BODIPY, in vitro and 
in vivo super-resolution imaging of microtubules is demonstrated. 
This is the first example of single molecule localization-based super-
resolution microscopy using a visible-light activated BODIPY 
compound as a fluorescent probe. 
Fluorescence microscopy is a useful tool for imaging cellular 
components in their native environments. The spatial resolution 
of conventional optical microscopy is limited by the diffraction 
limit of light, which depends on the wavelength of light and the 
numerical aperture of the objective. Over the past two decades, 
optical imaging techniques with sub-diffraction spatial resolution, 
or super-resolution, have been developed.[1] Among these 
techniques, single molecule localization microscopies (SMLM) 
such as stochastic optical reconstruction microscopy 
(STORM)[1d, 2] and photoactivated localization microscopy 
(PALM)[1b, 3] sequentially activate sparse subsets of fluorophores, 
localize their positions with high precision, and generate an 
image by summing the positions of the localized molecules in 
each frame. 
 Fluorescent probes play an important role in SMLM. Ideal probes 
should have low fluorescence in the ‘off’ state and high photon 
release in the ‘on’ state. Only a sparse subset of fluorophores 
should be ‘on’ in any frame to ensure high localization precision. 
Photoswitchable probes[4] (Figure 1A,B) have no fluorescence in 
the ‘off’ state. Common photoswitchable probes require a UV 
laser to convert the molecules into the ‘on’ state from the ‘off’ 
state and a second laser to excite the active fluorophore. While 
the use of two lasers decouples the switching rate and the signal 
intensity, a high-power UV laser affects cell health and may 
increase the autofluorescence in the cells. Typical laser 
irradiances used with common SMLM probes are listed in Table 
S1. These probes also often necessitate the use of additives in 
the imaging media to ensure switching to the ‘off’ state.  
Photocages[5] (Figure 1C) releasing fluorescent compounds have 
been used as fluorescent probes, including probes for SMLM.[6] 
Photoactivated fluorescent probes are most commonly derived 
from the o-nitrobenzyl photocage.[5b, 6] This photocage has high 
quantum yields of release, but requires UV light activation and 
has potentially toxic nitrosoarene photoproducts. In addition, a 
second high power laser is necessary to excite the activated 
fluorophore. It would be beneficial to have a SMLM probe that 
only necessitates a single low power visible light laser. The use 
of a single laser is beneficial because it simplifies the 
instrumentation, but it also couples the mechanism to achieve 
photoactivation and the signal intensity.  
Previously, meso-substituted BODIPY fluorophores have been 
introduced as photocages.[7] We recently discovered that 
BODIPY compounds with alkyl groups on the boron have higher 
quantum yields of photorelease than their fluoro analogues.[8] 
Serendipitously, we found that these dyes have a significant 
increase in fluorescence after irradiation with green light, 
independent of substitution at the meso-position. Herein, we 
describe a BODIPY fluorescent probe with photoactivation using 
~500 nm light and its application for SMLM. We show the laser 
flux can be optimized to achieve a sufficient single molecule 
density and signal intensities that permit accurate localization of 
a sufficient number of fluorophores with a short analysis time. 
The photophysics of the parent boron-alkylated BODIPY 
compound and its photoproduct were measured in methanol, a 
solvent wherein both compounds were well dissolved. Product 
studies showed that upon irradiation, the alkyl groups on the 
boron are cleaved and replaced with the solvent adduct (Figure 
1D, Figure S1). The photophysical properties of compound 1 and 
2 are typical of BODIPY dyes (Table 1), though it is notable that 
compound 2 has an ~6-fold higher fluorescence quantum yield 
than compound 1 in methanol. The photoactivation quantum yield 
measured in methanol using a 532 nm Nd:YAG laser with a 
ferrioxalate actinometer was 0.79 ± 0.02%. This photoactivation 
quantum yield is lower than typical o-nitro benzyl derivatives[9], 
however the much higher extinction coefficient of BODIPY leads 
to a similar photoactivation quantum efficiency (i.e., the 
photoactivation quantum yield times the extinction coefficient), 
and the use of visible light and lack of the nitrosoarene byproduct 
makes the BODIPY  probe more compatible with biological 
samples. 
Table 1. Photophysical properties of compounds 1, 2 and 3. 
λex (nm) λem (nm) ε (M-1cm-1) Φf[a] 
1 490 505 52000 0.15 
2 495 510 53000 0.96 
3 498 517 15000 0.002 
[a] Fluorescence quantum yield calculated in methanol using 
fluorescein as a fluorescent standard. 
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Figure 1. Examples of SMLM probes based on (A) direct switching[4a, 4b], (B) photoisomerization[4c], and (C) photo-uncaging[5b]. (D) photoactivation of B-dialkylated 
BODIPY with visible light generates a fluorescent signal. (E) Photoactivatable BODIPY probe for SMLM imaging of microtubules. 
The photoreaction of compound 1 occurs in aqueous media, 
which is a requirement for biological imaging. The photoactivation 
quantum yield in 90:10 acetonitrile:water was 0.8 ± 0.1%, similar 
to the activation quantum yield in methanol. The fluorescence 
quantum yields of 1 and its photoproduct were measured in 90:10 
acetonitrile:water to be 0.06 and 0.35, respectively. While the 
quantum yield was diminished in aqueous solution compared to 
methanol, the 6-fold increase in quantum yield when comparing 1 
and its photoproduct was consistent with both media. The 
fluorescence intensity increased ~3-fold upon irradiation in PBS 
buffer compared to the initial fluorescence intensity of compound 
1 (Figure S3), which was similar to the reaction in methanol. 
Competitive photoactivation and photobleaching during the 
irradiation likely explains the discrepancy between the ~3-fold 
increase in fluorescence measured after 5 minutes of irradiation 
in an aqueous medium (Figure S3) and the ~6-fold increase in the 
fluorescence quantum yield (Table 1). Mass spectrometry 
analysis indicates that the photoproduct in aqueous media is the 
expected dihydroxy species (Scheme S3, Figure S2).   
A 4-(N-hydroxysuccinamidylcarbonyl)styryl group was added to 1 
to facilitate the attachment of nucleophile-containing compounds 
that could be used to target the photoactivatable BODIPY probe 
to specific cellular structures. In order to show that the B-alkylated 
BODIPY compounds could be used for SMLM imaging we chose 
to target microtubules for a proof of principle. Microtubules are 
rigid structures with an approximately 25 nm diameter.[10]They are 
a good target for testing super-resolution imaging approaches 
since their size is below the diffraction limit of light. Paclitaxel was 
chosen as an inexpensive and readily available microtubule probe. 
Compound 3 was synthesized with paclitaxel attached in a 
manner that preserves the binding sites to microtubules (Figure 
1E).  
Compound 3 initially has a lower fluorescence than 1 due to the 
styryl group on the meso position.[11] To verify that the molecule 
still undergoes photoactivation, it was  irradiated in a cuvette in 
PBS buffer. Similar to the irradiation of 1, the fluorescence 
intensity was enhanced three-fold over the initial fluorescence 
intensity at the start of the illumination (Figure 2A). After 
Figure 2. (A) Fluorescence increase of compound 3 irradiated with a 500 W 
halogen arc lamp in a quartz cuvette. The start of illumination is 0 min. The 
fluorescence was measured using a 470 nm excitation wavelength. (B) Plots 
of the number of photoactivated BODIPY over time (measured in each frame 
starting after 3 s) using a 488 nm laser with the indicated irradiance. There is 
an exponential decay in photoactivation events with illumination time after 3 
s. (C) Histogram of the localization precision of the photoactivated molecules.
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photoactivation, the excitation maximum was 498 nm and the 
emission maximum was 517 nm (Figure S5).  
In addition, the photoactivation quantum yield of an analogue of 3 
without paclitaxel attached in 90:10 acetonitrile:water was 0.12 ± 
0.02%. The photoactivation quantum yield is likely lower than that 
of 1 (0.80%) due to the additional vibrational relaxation introduced 
with the styryl group in the meso position. 
In order to optimize the laser irradiance for SMLM, compound 3 
was drop cast on a clean glass coverslip and imaged using a 
home-built SMLM microscope. The laser irradiance affects the 
number and density of photoactivation events recorded in each 
frame of the movie. Highly inclined and laminated optical sheet 
(HILO) illumination was used to reduce background while 
generating signal from up to a 3 micron depth from the glass slide 
(i.e., the same illumination used for the cell studies). The 
fluorescence was detected using an electron multiplying charge 
coupled device (EMCCD) detector. No photoactivation of 
compound 3 was observed with laser irradiances lower than 28 
W/cm2.  Graphs of the number of photoactivation events in each 
frame of the movie were constructed for laser irradiances between 
28 to 790 W/cm2 (Figure 2B). All irradiances generated numerous 
photoactivation events and conditions not suitable for localization 
within the first 3 s, but sparse photoactivation events at 
subsequent times (Figure S6). A laser irradiance of 28, 160, 475, 
790 W/cm2 was suitable to activate an average of 21, 12, 5 and 3 
molecules sparsely distributed throughout the frame over the 5 
min movie. The number of localizable events in each frame 
decreased with increasing laser irradiance because the number 
of photoactivation events that occur in the first three seconds 
increases with increasing laser irradiance, leaving a smaller 
subset of molecules at later times to undergo photoactivation. For 
all irradiances between 28 to 790 W/cm2 most molecules were on 
for less than 30 milliseconds before photobleaching (Figure S7). 
The localization precision for each localizable photoactivation 
event was determined using the ThunderSTORM plug-in for 
Image J.[12] A histogram of the localization precision was 
generated for each laser irradiance (Figure 2C). The smallest 
median localization precision (14 nm) was obtained with 160 
W/cm2 irradiance. 
Combining the results for the number of localization events in 
each frame and their precision, a laser irradiance of 160 W/cm2 
was used in subsequent imaging experiments. Importantly, this 
irradiance is significantly lower compared to those used for many 
conventional SMLM experiments, which are generally greater 
than kW/cm2 (Table S1, S2).[13] The lower irradiance used in these 
experiments means photodamage to biological cells and tissues 
should be minimized. 
The ability of compound 3 to bind to microtubules and retain the 
optical properties required for SMLM was tested using in vitro 
assembled microtubules spread on a glass slide (Figure 3A). 
Total internal reflection (TIR) illumination was used to reduce 
background and achieve a median signal-to-noise ratio of 48 upon 
photoactivation (Figure S8). Fifty thousand frames were collected 
at which point no additional molecules could be detected. 
Localization data were used to reconstruct the super-resolution 
images. The microtubules were imaged with an average full-
width-at-half maximum (FWHM) diameter of 45 ± 10 nm. This is 
smaller than the diffraction limit of light, but larger than the 
reported microtubule diameter (25 nm). The additional distance 
that separates the microtubule and the fluorescent label is 
minimal using compound 3 when compared to antibody-coupled 
fluorescent probes.[14] The microtubule was not immobilized on 
the glass slide, and the larger measured FWHM may be the result 
of the movement of the microtubule as a result of the presence of 
imaging buffer. SMLM was performed using HeLa cells fixed with 
0.5 % glutaraldehyde and subsequently incubated with 1 μM 
compound 3 for 1 hour. The fluorescence signal was observed in 
the nucleus and was highly concentrated in the nucleoli (Figure 
S9). This result was consistent with previous reports[15] stating 
formaldehyde and glutaraldehyde fixation agents destroy the 
paclitaxel binding site on microtubules. Using ethylene glycol bis 
(succinimidyl succinate) (EGS) to fix the cells, however, the 
paclitaxel binding site on microtubules was retained (Figure 
3B).[15b] 
To determine the utility of compound 3 for SMLM of microtubules 
in live cells, HeLa cells were incubated with 1 μM compound 3 in 
complete growth medium. Paclitaxel is a known substrate of the 
p-glycoprotein efflux transporter, therefore the p-glycoprotein 
inhibitor verapamil was used to enhance the concentration of 
compound 3 in the intracellular environment.[15b, 16] Super-
resolution images of microtubules were generated using the 
localization data (Figure 3C). The data demonstrate that the 
photoactivatable BODIPY probe enables live cell SMLM. This will 
facilitate measuring cellular structures that are altered by fixation 
procedures, although the dynamics of the imaged features should 
be slow relative to the data collection time.  
Alexa Fluor 488 and ATTO 488 SMLM probes have similar 
excitation and emission profiles as the BODIPY probe used in this 
study. Alexa Fluor 488 and ATTO 488, however, require higher 
laser irradiances (1.2 to 3 kW/cm2)[13a, 17] to achieve the switching 
properties preferable for SMLM compared to the BODIPY 
photoactivatable probe (0.16 kW/cm2). In addition, Alexa Fluor 
Figure 3. (A) In vitro, (B) fixed HeLa cell, and (C) live HeLa cell SMLM images 
of compound 3-labeled microtubules (color scale images). Gray scale images 
are the diffraction-limited images generated by summing all the frames in the 
movie without localizing the fluorophores. HEPES buffer was used as the 
imaging medium for live cells and PBS buffer was used for in vitro and fixed 
cell images. A single 160 W/cm-2 488 nm laser was used for activation and 
excitation. (D), (E) and (F) are the Gaussian fits of line-scan intensities across 
the indicated areas in the SMLM images (red line) and corresponding 
diffraction limited images (blue line) of (A), (B) and (C), respectively. Images 
(B) and (C) show only a small area of the cell; (G) is the diffraction-limited 
image of microtubules showing the entire cell. Scale bar: (A) and (B) 500 nm, 
(C) 1 μm, (G) 20 μm.       
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488 and ATTO 488 require two lasers for SMLM. A UV laser is 
used to achieve the switching between ‘on' and ‘off’ states, which 
is not preferable for cell imaging. Photoactivatable probes used 
for SMLM, such as coumarin oxazine[18] and rhodamine-based 
photocages[4e, 5b, 19] also require UV irradiation (355 nm to 405 nm) 
and two lasers for the activation and excitation of the probe (Table 
S2). The photoactivatable BODIPY can be activated and excited 
with a single laser in the visible range, which overcomes the 
drawbacks of UV activation. Moreover, the BODIPY probe does 
not require reducing agents or oxygen scavengers as required for 
the photoswitchable class of SMLM probes.  
In summary, the photoactivatable BODIPY probe is versatile and 
can be easily attached to nucleophile-containing molecules, thus 
it can be used to image various biological targets. We have 
demonstrated the utility of a B-alkylated BODIPY probe for SMLM 
by attaching paclitaxel for super-resolution imaging of 
microtubules. When the dynamics of the structure being imaged 
are sufficiently slow on the timescale of the imaging experiment, 
the photoactivatable BODIPY can be used to image live cells with 
a range of imaging buffers that do not contain reducing agents or 
oxygen scavengers. In addition, activation and excitation of the 
photoactivatable BODIPY probe is achieved with a single visible 
laser at comparably lower irradiances than alternative SMLM 
approaches, so it is suitable for a variety of biological samples that 
might otherwise be damaged by the high power or UV lasers used 
with many current SMLM probes. The photophysical properties of 
BODIPY are easily tuned, which opens opportunities to making 
probes with various wavelengths of visible light activation. To 
further enhance the applicability of this probe, structural 
modifications to the BODIPY structure could be made to enhance 
water solubility, increase the brightness of the activated 
fluorophore in order to increase the localization precision, and 
introduce a palette of photoactivatable BODIPY with varying 
emission maxima for multicolor SMLM imaging. 
 Experimental Section 
Experimental Details are included in the supplementary information. 
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Boron-alkylated BODIPY is used as a 
probe for single molecule localization 
based super-resolution microscopy. 
Photoactivation and excitation is 
achieved with a single visible laser 
and without additives in the imaging 
medium. Microtubules are imaged 
with a paclitaxel attached probe to 
indicate the super-resolution imaging 
ability of cellular structures. 
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